In order to compare solar-hydrogen and the most used fossil fuels, the evaluation of the "external" costs related to their use is required. These costs involve the environmental damage produced by the combustion reactions, the health problems caused by air pollution, the damage to land from fuel mining, and the environmental degradation linked to the global warming, the acid rains, and the water pollution. For each fuel, the global cost is determined as sum of the market price and of the correspondent external costs. In order to obtain a quantitative comparison, the quality of the different combustion reactions and the efficiency of the technologies employed in the specific application sector have to be considered adequately. At this purpose, an entropic index that considers the degree of irreversibility produced during the combustion process and the degradation of surroundings is introduced. Additionally, an environmental index that measures the pollutants released during the combustions is proposed. The combination of these indexes and the efficiency of the several technologies employed in four energy sectors have allowed the evaluation of the total costs, highlighting an economic scenario from which the real advantages concerning the exploitation of different energy carrier are determined.
Introduction
Nowadays energy saving applications and environmental protection could be achieved by the diffusion of newer and cleaner energy resources [1, 2] . The gradual and continuous decrement of the reserves of fossil fuels and the problems of environmental pollution concerning their use determines an unpostponable transition to renewable energy [3] . The replacement of traditional fossil fuels is not difficult to assess also in the field of energy carriers, where hydrogen could represent a satisfactory solution in every sector of society. Moreover, it can be considered completely renewable if produced by electrolysis process of the water supplied by photovoltaic technologies [4] [5] [6] .
The exploitation of the electrolytic hydrogen certainly will lead to significant reductions of the major air pollutants, in particular CO 2 , SO , and particulate dusts, by improving the city livability and the environmental quality [7] [8] [9] . Additionally, solar-hydrogen diffusion could lead to the improvement of the photovoltaic and fuel cells technologies [10] .
The diffusion of electrolytic hydrogen is currently impeded by technical and economic difficulties: some problems concerning storage and transportation have to be solved [11] [12] [13] [14] , besides the current market price of solar-hydrogen that makes it strongly unattractive [15] .
In this paper, an economic comparison to compare solarhydrogen and some fossil fuels was carried out by means of the real economy approach. The competitiveness among the considered fuels is carried out by considering the total costs supported in a specific application sector. The total cost includes not only the market price of the fuel, but also the "external costs" related to the fuel exploitation. These external costs consider the environmental damage produced by the combustion reactions, the health problems caused by air pollution, the damage to land from fuel mining, and the environmental degradation linked to the global warming, the acid rains, and the water pollution. Usually, in energy sectors supplied by fossil fuels, the external costs are not considered, making the comparison with solar-hydrogen with no meaning [16] .
The latter, in fact, reduces the harmful effects linked to the energy production with fossil fuels, allows the control of air pollution, and reduces some problems linked to water and soil utilization [1] .
Several authors have investigated the hydrogen costs in different energy fields. Weinert et al. determined the costs required for the refueling of cars equipped with fuel cells technologies in Shangai [17] . Melaina, instead, investigated the costs concerning the hydrogen stations in US to evaluate the potential of hydrogen diffusion in the transportation sector [18] . Prince-Richard et al. have carried out a technoeconomic analysis in order to evaluate the costs concerning the hydrogen produced by electrolysis and destined to fuel cell vehicles [19] . Finally, Veziroglu and Barbir proposed a particular approach to evaluate the real costs of different fuels, but by now these costs' result is outdated [20] .
Unlike the latter document, in this paper a different approach to determine the total costs of solar-hydrogen and of traditional fossil fuels, based on thermodynamic evaluations, is introduced. These evaluations are required to consider the different effects linked to the combustion reactions; in function of the fuel exploitation, different quantity of released heat, emitted pollutants, and diverse effects on the external environment are produced. In order to take into account the mentioned aspects, in the economic analysis an appropriate weight factor that modifies the external costs and takes into account the aforementioned aspects is necessary. This weight factor is defined as product between two quality indexes: the first is an "entropic" index to measure the irreversibility degree of the combustion reaction and the quality of the same reaction and the second is an "environmental" index to determine the quantity of pollutants emitted in atmosphere. Additionally, since the quantity of fuel required in specific application sectors depends on the involved technology, the total cost is adjusted in function of the thermodynamic efficiency of the employed device. Thus, also considering different fuels with dissimilar thermodynamic and environmental properties, the employment of such parameters is normalized, allowing the obtainment of homogenous results. The comparison is carried out between solar-hydrogen and the currently diffuse fossil fuels in industrialized and emerging countries such as methane, coal, and gasoline/diesel.
The entropic impact index was investigated in thermodynamic open systems, whose state is defined by the values of enthalpy, Gibbs free energy, and chemical work [21, 22] . In function of the fuel properties, it measures the combustion quality and the environmental damage, since during the combustion process the lower the entropy production, the lower the impact on surroundings [23] . The environmental impact index, indeed, has been determined by considering the quantity of pollutants emitted and normalized in function of the thermal energy released during the combustion reaction. Finally, the product of the proposed indexes determines the global weight factor " " required for the total cost evaluation. In order to assess the economic advantages concerning the exploitation of a specific fuel in opposition to another one, a reference fuel has to be recognized. For instance, if the benefits consequent to the solar-hydrogen exploitation have to be weighted against the methane, the latter will be classified as reference fuel. Therefore, the total costs of the investigated fuels can be evaluated by the relation [24] :
where is the total (or real) cost per unit of produced energy (€/kWh); is the fuel price market per unit of energy delivered to the customer, including taxes (€/kWh); is the external cost consequent to the fuel use per unit of energy, expressed in current money (€/kWh); is the efficiency of the device supplied by a specific fuel in a specific application sector; is the efficiency of the technology supplied by the reference fuel in the same application sector; is the weight factor determined for the reference fuel. Equation (1) allows the evaluation of the so-called "real costs," by moving the focus of the investigation to the end of the process of energy production and by extending the evaluation of the real costs by including the effects produced from the final use of the same fuels. The economic analyses have been carried out by considering the residential, the industrial, the power generation, and the transportation sectors as application areas.
The Exploitation of Solar-Hydrogen as Energy Carrier
A promising solution in the field of the clean fuels is represented by solar-hydrogen [1] . A hypothetical scheme of the complete cycle of energy production involving hydrogen as energy carrier starts from photovoltaic fields, and the possible exploitation in different energy sectors is shown in Figure 1 . Every involved application provides liquid water, which could be reused to supply newly the hydrogen cycle, making the process more sustainable. The technical difficulties to the exploitation of solarhydrogen concern the hydrogen storage systems and the structure of the hydrogen transportation, but the recent research campaign in these fields seems to show promising results [12] [13] [14] 25] .
A large emitter of macropollutants (CO 2 , NO , CO, SO , and particulate) is represented by the sector of electric power generation that could be adequately supplied by hydrogen pipeline and can evolve towards the innovative use of new technologies as the fuel cells, realizing the tasks of high efficiency and contemporaneous production of thermal energy [26] . Alternatively, solar-hydrogen could be used also in appropriate burners, by using pure oxygen or air as oxidant substances, to produce water and a significant amount of thermal energy. The same fuel cells could be employed in the residential sector for cogenerative applications. Finally, solar-hydrogen could be used as new energy carrier in the transportation sector to supply the existing vehicles equipped with electric engines. The electrolysis process, beyond hydrogen, allows the production of oxygen; therefore a further advantage is linked to the absence of nitrogen oxides in the combustion products.
In the scheme of Figure 1 , hydrogen primarily assumes the tasks of storing and conveying the solar radiation towards the final use. Consequently, it is appropriate to consider the hydrogen as an energy carrier, as well as the electricity. In Figure 2 , a more detailed scheme of solar-hydrogen exploitation is reported, together with the correspondent energy fluxes and the efficiencies of the involved processes. Possible ways to exploit solar hydrogen at different temperature levels are reported. Low enthalpy heat could be employed in heat pumps for heating application in buildings.
The Entropic and Environmental Indexes in Combustion Processes
The evaluation of the total cost by (1) requires the analytical determination of the weight factor " ," defined in this paper as product between entropic and environmental indexes. The first measures the quality of the chemical reaction, the second quantifies the emitted pollutant substances, and both are normalized in function of the amount of heat released during the combustion. The combustion reactions represent an open thermodynamic system in which the entropy variation is sum of two terms: the first intrinsic due to irreversibility (always positive) and the second extrinsic (positive or negative) linked to the heat exchange through the border of the thermodynamic system [27] . During a combustion reaction, the produced chemical work plays a determining role in order to evaluate the entropy change, the enthalpy of formation, and the Gibbs potential [28] .
The latter considers the energy contained in the initial components in a rate of available energy Δh and in another rate of constrained (not available) energy that can be written as
In (2), the term̃ * indicates a fictitious parameter that considers both the total entropy per unit of molar mass (̃) and the intrinsic work of the reaction ( ). By considering conservatively the gasoline/diesel fuel as C 8 H 18 (isooctane), which represents the newest and cleaner member of the hydrocarbons family, and the coal as pure carbon, the combustion reactions of the considered fuels in their stoichiometric form can be written as (i) hydrogen:
(ii) coal (gaseous form):
(iii) natural gas (methane):
(iv) gasoline: For each of these reactions, the values per mole unit of Δh, Δ̃ * , and Δ̃can be found in [29] [30] [31] , at reference values of pressure and temperature equal, respectively, to 1 atm, 298 K, and by fixing the reference entropy to the value calculated at a pressure of 1 atm. The values are listed in Table 1 together with the molar specific heat at constant pressure and a reference absolute temperature ⟨ ⟩, defined as the mean value between the ambient temperature (298 K) and the combustion temperature. The specific heat at constant pressure is reported per mole unit for dimensional homogeneity. For each fuel, the entropic degradation during the combustions reaction is calculated by the proposed dimensionless index:
where indicates the considered fuel (a = solar-hydrogen; b = coal; c = methane; d = gasoline/diesel); Δ̃ * is the specific molar entropic generation of the combustion process; Δh is the specific molar enthalpy of the chemical reaction, assuming a similar meaning to the lower heating power of the th fuel. The dimensionless entropic index varies from the maximum value of 1, for the ideal combustion, where Δ̃ * = 0, to the minimum value of 0, for the extreme case of total energy degradation. In the latter case, the increment of the temperature Δ due to combustion involves a total transformation of the thermal energy in technical work, required to eject the mass of the combustion products, with no advantage in terms of heat released from the combustion reaction. By using the values reported in Table 1 , the value concerning the entropic index obtained for each fuel is listed in Table 2 .
Considering exclusively the combustion quality, methane and coal assume a better score than hydrogen and gasoline/diesel; therefore the degradation of the external environment is smaller than the latter fuels. The hydrogen score is greater only than gasoline/diesel, but at this step the environmental properties are not considered yet. In order to quantify the effects linked to the pollutants emitted during the combustion reactions, another index, which considers exclusively the environmental properties of each fuel, is required. The latter is evaluated by (8) , in function of the thermophysical properties of the th fuel and of the th pollutant content produced during standard combustion: The term that compares in (8) is determined by means of the following equation [32] :
where indicates the quantity of pollutant (kg) released per kg of burned fuel; these parameters are grouped in Table 3 considering as main emitted substances CO 2 , SO 2 , NO , and particulate dusts. Actually, the emission factors depend not only on the fuel thermodynamic characteristics, but also on the involved technology in the specific application sector. In simplified way, the values listed in Table 3 represent average emission coefficients indicated in [33] related to the European situation. For the gasoline, the emission factors have been modified taking into account also the pollutants produced by diesel combustion. The results obtained applying (9) are listed in Table 4 , where the last column lists the environmental indexes determined by (8) . The solar-hydrogen score becomes unitary because its exploitation with pure oxygen in fuel cells was supposed. Moreover, the water vapor was not considered as pollutant substance because the hypothesis of its complete recovery was adopted. Water vapor provided by fuel cells in urban areas, in fact, could be considered as a greenhouse gas.
In Figure 3 the weight factor " " to apply in (1) for the economic analysis, evaluated by means of the proposed indexes, is shown.
Despite the worse emission factors with respect to solar-hydrogen, the better combustion characteristics of the methane allow the obtainment of the best score. Conversely, the better environmental characteristics of solar-hydrogen compensate the gap with coal in terms of combustion quality. Among the investigated fuels, the gasoline/diesel presents the worst score for effect of the more penalized values obtained for the entropic and the environmental indexes.
Evaluation of the Total Costs of the Fuels in Different Application Sectors
The evaluation of global cost of the investigated fuels requires the knowledge of the correspondent market prices and the 6 Journal of Combustion external costs. The market price of fossil fuels, in function of the application sector, can be found in different sources [34, 35] . The cost of the hydrogen produced by photovoltaic technologies, by excluding other methods of solar energy exploitation, is subjected to numerous investigations [6] . It is mainly formed by the cost of the electricity provided by the photovoltaic field ( PV ) and by the cost due to the electrolysis process ( El ) [36] . In the last few years, the cost of the photovoltaic electricity was strongly reduced in relation to the recent incentive campaign adopted from different countries [37] . The cost of the electrolysis process is largely dependent on the cost of electricity, on the efficiencies, and on the capital costs of the systems. Because the system efficiency can be limitedly increased (current value is 78%), the cost of the electrolysis process cannot be reduced by an efficiency increment as much as a significant reduction of the electricity price. For instance, by benefiting for forecourt systems of the same electricity prices for industries, the reduction of the cost of electrolysis process could be of 31% [38] . Moreover, if the hydrogen economy grows and the electrolyzer systems are mass produced, a substantial reduction in capital cost could be also achieved. Lastly, the cost related to the electrolysis process can be calculated in simplified way using the following relationship [36] :
where 0 is the investment cost sustained to acquire the electrolyzer, including installation cost (€); is the actualization factor, usually set equal to the amortized cost and by providing a useful life of the plant equal to 20 years; is the percentage factor concerning the annual cost of maintenance and management of the system, including the staff cost, set to 5%; is the electrolyzer efficiency in order to transform electric energy in chemical energy stored as hydrogen ( H 2 ). By supposing large-scale production, a global cost of about 6.67 €/kg for solar-hydrogen has been determined exploiting the technology of plane PV [39] . The lower heating value for hydrogen is equal to 34.86 kWh/kg; therefore a correspondent specific energy cost of 0.191 €/kWh has been determined. In [40] , with reference to the European power generation sector, in 2013 an average levelised cost of electricity ranging from 0.059 €/kWh (coal) to 0.086 €/kWh (combined power plant fired by methane) is reported. Consequently, without considering the additional costs related to the retransformation of hydrogen into electrical energy, the obtained value is itself more 2-4 times higher than the cost obtained through exploitation of conventional fossil fuels. The economic competitiveness of solar-hydrogen could increase with a consistent reduction of the investment costs, both for the part concerning the photovoltaic system, by adopting more efficient technologies, and for the part concerning the electrolysis process. Regarding the reduction of the costs related to the PV technology, a considerable improvement of the scenario has been investigated in [41] , where a specific energy cost to 0.09 €/kWh has been quantified by using concentrator PV fields, characterized by higher solar conversion efficiencies (37%). In this way, this specific cost becomes close to other hydrogen production methods, such as gas reformation, wind, and nuclear electrolysis. The determined gap cost with traditional fossil fuels becomes less severe if the social and environmental costs associated with their use are considered [42] . The "hidden" costs of fossil fuels can be quantified by the parameter that compares in (1) . These values, for each considered fossil fuel, have been obtained from [43] where a suitable analytical tool makes the external cost for different energy carrier available. This tool was developed starting from the data carried out for six big cities of emerging countries. The comparison between solarhydrogen and the considered fossil fuels, in different fields of use (residential, industrial, electrical, and transportation), is shown in the following figures by separating the normalized fuel price ( ⋅ 0 / ) from the normalized external cost ( ⋅ 0 ⋅ Regarding the efficiency of traditional technologies supplied by fossil fuels, the adopted value is (i) 0.9 for residential sector, hypothesizing hybrid boilers for the production of heat and electricity (equipped, e.g., with Stirling engines [44] ); (ii) 0.75 for industrial sector in cogenerative operations; (iii) 0.45 for the power generation sector, resulting as average value between the efficiency of combined cycles and conventional Rankine cycles; (iv) 0.20 for the transportation sector.
The analytical results of the economic analysis are plotted in Figures 4(a)-4(d) , in function of the application sector and for the considered fuels.
Currently, the real cost of solar-hydrogen becomes already profitable for the transportation sector, taking advantage from the better efficiency of the electric traction. Moreover, the absence of taxation costs makes the market price of solar-hydrogen lower than those of the fossil fuels. For the industrial sector, solar-hydrogen in fuel cells becomes profitable only if compared to technologies supplied by gasoline/diesel, because the lower market prices of methane and coal still compensate the external costs. A better situation has been detected for the power generation sector, where solarhydrogen is more attractive than coal and gasoline, while the methane technologies are still profitable. Despite the lower market prices, the position of coal and gasoline/diesel in the ranking is strongly penalized from the elevated external costs. Finally, in residential sector fuel cells supplied by solar-hydrogen present a better position compared to coal and gasoline/diesel technologies, but methane remains still profitable in relation to the improvement of the boiler technologies that limit the external costs.
Conclusions
The real costs of energy system supplied by solar-hydrogen and some fossil fuels have been determined. The real cost includes the "external" costs related to the final use of the fuels, considering air pollution and environmental damage. 
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The investigated fuels present different thermodynamic characteristics and, usually, are employed in different devices characterized by dissimilar values of thermodynamic efficiency. In this paper, to obtain homogenized results that consider the mentioned aspects, a weight factor has been determined in order to assess an economic analysis based on the "real economy" approach. The weight factor was evaluated by means of a thermodynamic approach employed to quantify two quality indexes: an entropic index concerning the quality of the combustion reaction, and an environmental index to quantify the main emitted pollutant substances. Moreover, the proposed indexes have been normalized in function of the heat released during the combustion process. The thermodynamic approach described in this paper has allowed a direct comparison among four fuels usually employed as energy carriers: solar-hydrogen, methane, coal, and gasoline/diesel. Regarding the proposed weight factor, the results show a position of hydrogen secondary only to methane, which presents the better combination between combustion characteristics and emitted pollutants. From an economic point of view, considering four energy application sectors (residential, industrial, power generation, and transport), the real costs have highlighted that solar-hydrogen becomes already more attractive in the transportation sector, presenting the lowest value. In the industrial sector, the lower market prices of methane and coal make these fuels more attractive, since they compensate widely the external costs. Therefore, the position of solar-hydrogen will improve only with a large augment of the market price of fossil fuel in the next future, for effect of their inevitable depletion. The same evaluations can be done for the energy sector, where solar-hydrogen is already competitive than coal in relation to the large external costs of the latter. Nowadays, in the residential sector, solar-hydrogen is a good alternative for the replacement of old boilers supplied by gasoline/diesel or coal. The position of solar-hydrogen is still worse than methane, since the improvement and the diffusion of condensation boilers equipped with burner at low combustion temperatures have produced limited external costs. In reality, the evaluated real costs for solar-hydrogen become optimistic, since its market price is not suffered by tax charges. In the future, the replacement of the traditional fuels will cause an inevitable taxation also on the new energy carriers, including solar-hydrogen, to guarantee the financial revenue derived from fuel commerce. Therefore, the economic scenario above introduced will be surely different. However, the determined real cost gaps among the investigated fuels will become useful to evaluate an adequate taxation level for solar-hydrogen. On the other hand, the mass production of electrolyzer technologies, the reduction of the PV electricity costs, or the improvement of the PV technologies will determine a reduction of the solar-hydrogen cost that could compensate the tax charges.
In a short-term scenario, in absence of tax charge of solarhydrogen, its diffusion becomes already profitable than gasoline/diesel technologies in every application sector. Therefore, the obtained results show that an economical persuasion to exploit solar-hydrogen as new energy carrier in different application sectors could already exist. 
